Abstract: Cosmic ray muons can be used to image the interior of geological sites provided that one employs detectors able to operate in the specific harsh conditions of the mountain environment. We designed and developed a detector exploiting the nuclear emulsion technique to assess the bedrock profile underneath an alpine glacier. Nuclear emulsions do not need any electric power supply or maintenance and allow for the measurement of the muon flux and direction behind a large target volume. The 3D density distribution of the material traversed by muons can then be assessed, bringing relevant information on the shape of the boundary between the glacial ice and the underlying bedrock. This new methodology in the geological field was recently tested in a campaign of measurements in the Jungfrau region of the central Swiss Alps. It was shown that the bedrock surface position can be measured with a resolution of about 5% when the traversed target is about 100 m thick. Characteristics and performance of the method are reported here and demonstrate that muon radiography based on emulsion detectors represents a powerful tool for the geological study of glaciers.
Introduction
The investigation of the interior of large structures, in particular those of geological nature such as volcanoes and mountains, is made possible by exploiting the high penetration power of the muon component of cosmic rays. A flux of muons of about 1 muon/cm 2 /minute hits the Earth at any angle and can penetrate up to several kilometers of rock, in the case of high energy particles. The radiography can then be accomplished by measuring the attenuation of the cosmic-muon flux, hence providing direct information on the density of the traversed material along the muon paths (density length). Combining data from several detectors located at different positions allows for obtaining a full knowledge of the density distribution inside the target material. This radiography technique was first proposed by George [1] and applied for the first time by Alvarez [2] . It recently benefited from several technological improvements and was successfully applied to image magmatic chambers of volcanos [3] [4] [5] , and for archaeological purposes [6] .
We recently proposed the specific application of the technique to the glacier environment of the Jungfrau region in the Central Swiss Alps to measure the shape of the boundary between ice and underlying bedrock. The main motivation for this study is the importance of knowing the bedrock topography that, in turn, provides hints on the erosional mechanism of the glacier and on the stability of the underlying rock, possibly affected by the glaciers' shrinkage due to the global warming. Muon radiography offers a powerful tool to map the base of glaciers.
Our first results in visualizing the bedrock topography [7] were obtained with a muon detector based on nuclear emulsion films, a technique already used for volcanoes' investigation, together with others, such as plastic scintillators [4] and resistive plate chambers [5] . The detectors had to be installed below the bedrock level, which was possible thanks to the existence of a railway tunnel underneath the target. This circumstance also allowed the installation of the detectors at the base of the glacier from several perspectives, such to cover several directions of the incoming muons.
This paper focuses on the detector aspects of the study and on the related optimization of the emulsion technique. In particular, the incident muon flux and direction have to be measured with high angular resolution and, at the same time, the detector must be easily portable, possibly devoid of electric power, and requiring minimal maintenance. Nuclear emulsion is a very old technique [8, 9] , recently revived thanks to the achievement of a fast automatic scanning of particle tracks [10] . This is a key issue for the analysis of large area detectors needed to reach an adequate spatial resolution in mapping the target. Moreover, we had the opportunity offered by the scanning facility at the University of Bern, the largest in Europe, which is comprised of six microscopes for the automatic scanning of the detectors [11, 12] .
3D Cosmic Muon Radiography Applied to Alpine Glaciers
As mentioned above, muon tomography relies on the attenuation of cosmic muons through the target material as a function of angles and positions. This attenuation rate depends on the density path traversed by muons (density-length) described as:
where hri is the averaged density along the trajectory with length L. The density length can then be obtained from the attenuation of the muon flux. In the event that the structure to be imaged is made of two different materials with known densities r 1 and r 2 , and lengths L 1 and L 2 , and we know the total length L (see Figure 1) , then L 1 and
where X can be inferred from the muon flux measurement. Observations can be performed at different orientations with respect to the object one wants to image. The combination or merger of the different density lengths allows for obtaining a computed axial tomography. For a review of the methodology, see, for example, [13, 14] .
Muon radiography requires the knowledge of the incident muon energy spectrum at the site of the measurement, as, for many, geological applications its direct measurement is unfeasible, one has to rely on models benchmarked by experimental data. Muons are produced from the decay of charged mesons at altitudes of typically 15 km. Their energy spectrum and angular distribution are a convolution of the production spectrum, energy loss, and decay point in the atmosphere. Figure 2 (left) shows the energy spectrum at sea level for different zenith angles. The spectrum is almost flat below 10 GeV. It gradually steepens in the 10-100 GeV range, thereby reflecting the primary spectrum, and further steepens at higher energies.
The muon energy spectrum was throughly studied both experimentally and theoretically. One of the most successful models was proposed by Reyna et al. [15] ; this well represents the data from experiments and it has been widely employed for previous muon radiography studies [16] . The muon spectrum at the sea level F(p, q, h = 0 m) as a function of momentum p (in GeV/c) and zenith angle q is given by: 
where z = (p cos q). The altitude dependence can be described as
where L = 4900 m + 750 m ⇥ p( in GeV/c) [17] . This formula is only valid up to 1000 m above sea level. Since our observations were performed at high altitudes (⇠ 3500 m), we adapted this formula to L = 3400 m + 1100 m ⇥ p( in GeV/c) cos q. This adjustment was obtained by fitting the results of the muon energy spectrum at different altitudes by using a Monte Carlo air shower simulation [18] . The flux of vertical muons is ⇠ 70 m 2 s 1 sr 1 at sea level and decreases exponentially with the thickness of traversed material. Figure 2 (right) shows the attenuation curve for the "standard rock", a virtual material (Z = 11, A = 22, r = 2.65 g/cm 3 ) commonly used to discuss the underground muon flux , while the overburden material is measured in unit of "meter water equivalent" (m.w.e.). The curve is obtained by integrating the momentum spectrum (Equation (1)) for momenta higher than what is required to penetrate a given thickness of standard rock [19] . igure 2. Energy spectrum of cosmic-ray muons for several zenith angles (left). Attenuation curve of the muon flux after passing through the "standard rock" (right).
Muon Flux Detection

Emulsion Film Detectors
Distinctive features of emulsion detectors are their excellent spatial and angular resolution, and their passive nature not implying the use of electric power. Furthermore, we could also profit from the established facility at the University of Bern for automatic microscope scanning, crucial for large area detector analysis [11] . The emulsion gel consists of small silver bromide crystals dispersed in a gelatin frame. The most peculiar characteristics of the emulsion gel compared to other photographic emulsions is that the crystal size is extremely small (0.2 µm) [8, 9] . This allows for tracing a particle trajectory with unprecedented high spatial resolution (0.5 µm). Specifically, when a charged particle passes through the gel, the crystals along its trajectory create latent image centers, which become visible at the optical microscope after achemical development. The number of grains along the track of a minimum ionizing particle (MIP) quantifies the sensitivity of the detector in terms of grain density (GD), namely the number of grains/100 µm. The typical value for GD is 30 [10] , but, with special types of gels, it can reach the value of 50 [20] . The "fog" is instead the parameters representing the noise of the detector, which is due to thermally generated grains. Their volumetric density, the so called fog density (FD), typically ranges between 1 and 10 grains/1000 µm 3 depending on the time elapsed from the film production. A value of FD < 3 is considered acceptable for a noise-free analysis. Figure 3 shows the microscopic view of a chemically developed film with several tracks, whose darkness is correlated with the energy deposition of the incoming particles [21] . Since cosmic-ray muons are mostly relativistic, their tracks are seen as thin and disconnected sequences of grains.
The base unit of our detector is a plastic base film, on both sides of which the emulsion gel is poured (Figure 4 ). Double-side coated films have a twofold advantage: first, they allow for a precise measurement of the track angle by connecting the closest grains to the base, which are essentially not affected by distortions due to possible mechanical alterations of the detector. Secondly, they enable to take coincidences of track segments on both layers to extract the information of high energy particles including cosmic muons. Since environmental alpha or beta particles cannot penetrate the plastic base, one can easily reject them in the data analysis. Track segments reconstructed in a single emulsion layer are called "micro-tracks". If two micro-tracks on different layers are straightly aligned, one can build the so-called "base-tracks". Micro-tracks and base-tracks are automatically reconstructed by a readout scanning system developed on purpose (Section 4). The thickness of base and emulsion layers can be adjusted according to the specific goal; for our purposes, they are 200 µm and 50 µm, respectively.
The emulsion gel was produced at Nagoya University, while the emulsion films were manufactured at the underground facility of the University of Bern. This comprises nine stainless tables for pouring the gel on the plastic bases. The viscosity of the gel can be precisely controlled by varying the temperature of the tables. This facility allows for producing about 10 m 2 of films per week. 
Detector Design
The aim of the measurement is to estimate the ice depth x (L 2 in Figure 1 ) by means of the muon flux attenuation analysis to assess the glacier bedrock profile. The expected flux at the detector varies strongly with x because of the large density difference between ice and bedrock density [22] . Figure 5 shows the muon flux expected for several ice thicknesses (x) for a total target thickness L of 100 m and a zenith angle q of 45 . The resolution in the measurement of the bedrock position can be defined as the minimum difference of the ice depth (Dx) whose influence on the flux would be significant enough compared to the uncertainty in the flux measurement (DF). The error on the flux originates from fluctuations of the number of detected muons, governed by Poisson statistics. When occurrences are large enough ( 10), their fluctuations can be approximated by a Gaussian distribution with mean value N µ and standard deviation p N µ . Therefore, the flux uncertainty decreases with increasing N µ
and hence improves with increasing detector size (S) times exposure time (T). Figure 5 (right) represents the expected resolution (Dx) as a function of S ⇥ T when the solid angle is W = 0.01 sr. To achieve a resolution of Dx = 5 m at the 99.7% confidence level, S ⇥ T must be at least 10 9 cm 2 s. From the above considerations, the measurement campaign required a detector surface of S = 250 cm 2 and an exposure time T = 4 ⇥ 10 6 s (1.5 month). To match these needs, we designed a modular detector placed at a depth of 100 m below the Earth surface. Each module consisted of a stack of eight films interleaved with metal plates (lead or stainless steel, 1 mm thick), acting as absorbers and scatterers for low-energy particle background, like electromagnetic showers and upward-going charged particles [5, 18, 23] . Two such modules were placed in a frame (12.5 ⇥ 10 cm 2 ) yielding a 250 cm 2 effective detection area. Figure 6 (left) shows the detector frame mounted onto the rock wall by means of a joint enabling on-site adjustments of its orientation toward the target location with an accuracy of 0.2 . This was accomplished thanks to reference points in the railway tunnel. Three detector frames (D1, D2 and D3) were installed about 100 m apart. The cross-sectional view of the uppermost detector D3 is shown in Figure 6 (right). The exposure lasted from the 16 February to the 4 April 2016 (47 days). Environmental radioactivity was shielded by thick stainless steel plates (15 mm) covering the modules, also ensuring the planarity of the films. After exposure, films within the same module were immediately separated to avoid further track recording during transportation, which would have seriously affected data purity. Chemical development of the films takes place at the University of Bern. 
cm
Readout and Track Reconstruction
All analytical and technical steps to reconstruct particle tracks in a full module are schematically summarized in Figure 7 . For each emulsion layer, the information on the muon trajectories is acquired by automated bright-field scanning microscopes. Figure 8 shows the facility at the University of Bern. The six microscopes are equipped with oil objective lenses (50⇥ magnification), a high speed camera (1.3 Mpixel ⇥ 450 FPS), and a high precision XYZ mechanical stage with a readout precision of 0.1 µm in the X-Y plane and 0.05 µm along the Z-vertical axis. The microscope hardware was designed and built in house using commercial off shelf components. Tomographic images are taken for each of the two sensitive layers of the emulsion films with a field of view of 370 µm ⇥ 290 µm and an acquisition voxel size of 0.3 µm ⇥ 0.3 µm ⇥ 1.5 µm. The scanning of a large emulsion film surface is performed by combining consecutive tomographic images of adjacent fields of view. An example of 3D data is shown in Figure 9 . The typical raw data size for a 20 ⇥ 25 cm 2 film is 100 Tbytes. Therefore, a fast real-time data processing is crucial to collect the required data from the detectors within an acceptable time span. For this purpose, we developed a software package for high-speed image acquisition processing and micro-track reconstruction, exploiting Graphical Processors Units (GPU). The algorithms are based on the system described in [12] with some improvements principally concerning data storage and large area scanning pipeline. The typical acquisition sequence is briefly described in the following. As a first step, in order to enhance the signal to noise ratio, an image filter is applied to each field of view at different Z positions. The grains are then identified in the volume by assigning to each of them the geometrical shape parameters, the spatial coordinates, and the integral brightness. Successively, the particle trajectories are reconstructed for each sensitive layer of the emulsion film by means of a linear fit to the grain coordinates (micro-tracks). This acquisition pipeline is conceptually illustrated in Figure 10 . The reconstructed track segment is characterized by the three position coordinates (x, y, z), the two angles (q x , q y ), the number of grain clusters and the goodness of the fit. Finally, micro-tracks in the two layers are connected. These base-tracks are classified by the c 2 -score defined as the angular differences between each micro-track and the base-track. This c 2 procedure allows for rejecting background tracks such as those generated by b rays and/or by randomly formed grains ( Figure 11 ). The further steps needed to reconstruct the muon tracks for an entire module are performed with the FEDRA software package (Framework for Emulsion Data Reconstruction and Analysis [24] ). First, the information on the displacement between adjacent films is recovered using the tracks themselves. After this alignment process, track reconstruction is performed starting from the base tracks in the first film. Connectable base-tracks are then searched for in the following films. Reconstructed tracks are subsequently selected on the base of the number of the detected base-tracks (n base ). In fact, those tracks characterized by a low number of base tracks (n base < 3) are either accidental coincidence of noise signals or low energy track that stopped in the middle of the module. In addition, low energy tracks significantly bending by more than 3 mrad are also discarded since they are below the detector angular resolution. An example of some selected tracks is displayed in Figure 12a while their directional information is reported in Figure 12b . The muon flux is derived for each bin of the polar coordinate system after normalizing the number of muons for the detector size, the solid angle, the exposure time and the detection efficiency. The latter is defined for each film in a module as the probability of finding a base track at the expected position ( Figure 13 ). It typically ranges between 80% and 95%, except for nearly vertical tracks. For these tracks, the tomographic scanning procedure sees grains not well separated. Therefore, they can appear merged together and consequently their detection worsens. The reconstruction efficiency is almost 100% for the whole angular range. Figure 14 shows the observed muon flux corresponding to the pure rocky part of the mountain. The flux clearly shows the expected anti-correlation with the rock thickness. This measurement corresponds to the simulated flux obtained with a rock density of r = 2.68 ± 0.04 g/cm 3 (1s). This value is in agreement with the measurement performed in the vicinity of the detectors installed in the railway tunnel and at the mountain surface (2.65-2.74 g/cm 3 ). Finally, the position of the ice/rock interface is estimated as the best average density < r > for each bin. Assuming a bedrock density of 2.68 g/cm 3 and a realistic ice density of 0.80 g/cm 3 [22] , the fraction of rock x along the muon trajectory is determined as:
Results
< r >= r rock ⇥ x + r ice ⇥ (1 x).
The boundary position can be plotted for a distance Lx from the detector position as reported in [7] . Figure 15 illustrates the determined bedrock shape. On the left figure, one can see the experimental points with their uncertainty range, from ⇠ 5 m (1s) to ⇠ 20 m. These points were used to visualize the surface of the boundary between rock and ice (Figure15, right) by properly smoothing them taking their statistical errors into account. 
Conclusions
We presented here a novel application of the cosmic muon radiography technique based on emulsion film detectors, for the first time applied to the field of glaciology. In particular, we focused on the methodology, the design and the performance of the detectors. This technique provides important information when other geological procedures such as radar and seismic inspections cannot be used. In particular, we demonstrated the potentiality of emulsion detectors for the measurement of the bedrock of an Alpine glacier possibly bearing information about the erosional mechanism and on the stability of the underlying bedrock.
